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Abstract

The turbulent ®lm boiling on a horizontal cylinder is formulated and solved giving due importance to thermal
radiation. In the analysis the test surface is maintained under isothermal conditions and the thermophysical

property variation of the vapor due to the steep temperature gradients in the vapor boundary layer is included in
the formulation. The analysis is checked with some experimental data relevant to turbulent ®lm boiling. The
agreement between the two is found to be very satisfactory. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Film boiling studies have been extensively reviewed

by many authors, such as Jordan [1] and Kalinin et al.
[2]. Many of the studies are for the case of laminar

vapor ¯ow adjacent ot the solid boundary of the test

surface. The boundary layer analysis of Sakurai et al.
[3,4] is for the smooth wave free laminar regime of the

vapor ¯ow. The turbulent ®lm boiling studies are very

limited in comparison to those devoted to laminar ®lm
boiling. Some of the important contributions in turbu-

lent ®lm boiling are due to Banko� [5], Coury and

Dukler [6], Borishansky [7], Westwater and Hsu [8]
and Sarma et al. [9,10].

The present investigation is aimed at undertaking

the study of some of the aspects that still remain unex-

plored. Film boiling invariably occurs at very high
wall temperatures. Consequently, the physical proper-

ties of the vapors are invariably in¯uenced by the tem-

perature gradients and hence the physical property
variation with respect to temperature should be

included in the analysis. In a previous paper, Sarma et
al. [10] considered the case of constant heat ¯ux. How-
ever, the case of constant wall temperature is yet to be
solved. Further, at high temperatures of the wall, the

in¯uence of thermal radiation is a matter of import-
ance since it can play a signi®cant role in altering vel-
ocity and temperature pro®les across the vapor ®lm.

Hence, the present paper is intended to determine the
combined in¯uence of thermal radiation and physical
property variation with respect to temperature under

isothermal conditions of the wall of the horizontal
cylinder for the turbulent ¯ow regime of the vapor.
Further, the analysis is checked for validity with rel-
evant experimental data.

2. Physical model and formulation

The physical model and the coordinate system are
shown in Fig. 1. The test surface is a horizontal cylin-

der and the wall temperature is at a magnitude to
ensure stable ®lm boiling on the cylinder immersed in
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an ambient liquid at the saturation temperature corre-

sponding to the given system pressure. It is thought

that the vapor bubbles leaving at the upper stagnation

point of the cylinder agitate the liquid bulk to a degree

enough to induce turbulent regime of vapor ¯ow adja-

cent to the cylinder. Generally, for free convective ®lm

boiling the demarcation between the ¯ow regimes is

characterised by the Grashof number. In the present

study, the value of Grashof number is limited to 109

and more. Further, for ¯ow around cylinders, bound-

ary layer separation can occur at a certain angle

measured from the lower stagnation point. However,

in the present analysis, boundary layer separation is

excluded on the assumption that all vapor generated

around the periphery accumulates and gets released in

the form of vapor slugs at regular intervals at the

upper stagnation point. In the analysis, the e�ect of

thermo-physical property variation is included together

with the thermal radiation e�ects on the process of

vaporisation.

The conservation of mass, momentum and thermal

energy of the vapor ®lm for the con®guration and

coordinate system shown in Fig. 1 are as follows:
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The boundary conditions are as follows

u � v � 0; y � 0; 0RyRp

Nomenclature

Cp speci®c heat at constant pressure, kJ/kg/K
g acceleration due to gravity, m/s2

GrD modi®ed Grashof number, g�rlÿrs�D3=�rsn 2
s �

h average heat transfer coe�cient, W/m2/K
hfg latent heat of vaporisation, kJ/kg
k thermal conductivity, W/m/K

k+ k(T )/k(Ts)
D diameter of the tube, m
D+ dimensionless diameter

NuD local Nusselt number (hD/ks)
NuD mean Nusselt number
Pr Prandtl number �mCp=ks),
R radius of the tube, m

S heat capacity parameter �CpTs=hfg)
T temperature K
T+ dimensionless temperature (T ÿ Ts )/(TwÿTs)

u velocity in x-direction, m/s
u� shear velocity, �t=r�0:5
u+ dimensionless velocity (u/u�)
v velocity normal to the direction of ¯ow, m/s
y distance normal to the direction of ¯ow, m
y+ dimensionless distance normal to the direction

of ¯ow ( yu�/ns)

Greek symbols
Dd� increment in dimensionless vapor boundary

layer thickness

d vapor boundary layer thickness, m
d� dimensionless vapor boundary layer thickness

�du�=ns�
e emissivity
em eddy di�usivity, m2/s
f temperature ratio (Tw /Ts)

s Stefan±Boltzmann constant, W/m2 K4

r density, kg/m3

m dynamic viscosity, kg/ms
m� m�T �=m�Ts�
n kinematic viscosity, m2/s
t shear stress, N/m2

y angle measured from lower stagnation point

Subscript
i interface

l liquid
s vapor at saturation temperature
y local

v vapor
w wall
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t � tiv; y � d; 0RyRp

T � Tw; y � 0; 0 < y < p

T � Ts; y � d; 0RyRp �4�

At the interface the phase transformation is given by
the condition

d
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Eq. (5) assumes that the total heat of vaporisation in
the vapor ®lm is equal to the heat ¯ux at the wall due

to conduction across the ®lm, and the component of
¯ux corresponding to thermal radiation.

The following assumptions are made to render the
array of Eqs. (1)±(5) into tractable form.

. The eddy thermal di�usivity eH is taken same as
eddy kinematic viscosity em and the turbulent
Prandtl number is unity.

. The surface of the cylinder is under isothermal con-
ditions at a speci®ed temperature, Tw:

. Properties such as �k, m� are temperature-dependent

and can be represented in an appropriate functional
form for the given system.

For example, the property variations for vapors of

liquid nitrogen are given by the relationship as follows:

m
ms

� m� � 2:656ÿ 3:804

�
T

Ts

�
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�
T

Ts

� 2

�6�

Fig. 1. Con®guration and coordinate system.
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where �ms, ks� are respectively the absolute viscosity

and thermal conductivity of nitrogen at Ts, the satu-
ration temperature corresponding to a system pressure
of 1 atm.

. The eddy di�usivity of momentum em is given by
Kato's expression [11] i.e.,

em

ns

� 0:4y�
�
1ÿ eÿay�2

�
�8�

where

a � 0:0017; y� � yu�

ns

. The component of thermal radiation from the test

surface can be assessed considering the vapor to be
a transparent medium relative to thermal radiation.

. In Eq. (2) the inertial force terms are excluded with

the assumption that the vapor ®lm dynamics is
determined by the balance between the buoyant
force and the turbulent shear in the vapor ®lm.

. The interfacial shear stress `tiv' at the vapor±liquid
interface is of the same order as that which would
prevail at the solid boundary i.e., tiv � ÿtw at y �
d: This assumption is tantamount to rigid boundary

condition for laminar ¯ow condition of the vapor.
However, for turbulent ¯ow conditions, the velocity
of the vapor is ®nite due to the presence of the eddy

di�usivity terms �em=n� in the equation of motion. In
the literature related to turbulent ®lm boiling the
assumptions are either tiv > tw or tiv < tw, respect-

ively, as per Borishansky [7] and Banko� [5]. Within
the framework of these assumptions the problem is
formulated as follows in dimensionless forms by
simplifying Eq. (1)±(3)

. The pressure across the boundary layer is constant
and the density variation across the boundary layer
is given by the relationship.

r T � rwTw � rsTs

3. Velocity pro®le

Thus, the momentum balance equation can be sim-

pli®ed as follows making use of the further assumption
that the motion of vapor is governed by the balance
between the eddy viscous forces and the buoyant

forces as follows:
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The boundary condition at the wall is

u� � 0 at y� � 0

4. Temperature pro®le

Similarly, the convection equation can be approxi-

mated as follows:
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� 1
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The boundary conditions at the wall and the interface
are as follows:

at y� � 0; T � � 1

y� � d�; T � � 0

Evidently, Eqs. (9) and (10) are to be solved simul-

taneously, since the temperature dependent functions
appear in these equations. Further, it can be observed
from these equations that for very low values of d�,
the term em

�
n40, and the solutions tend to the par-

ticular case of laminar ®lm boiling with temperature
dependent property variation accounted for in the
analysis. This is tantamount to the fact that the analy-

sis takes care of both laminar and turbulent regimes
that can occur on the periphery of the cylinder having
high magnitudes of Grashof numbers.

The phase transformation at the vapor±liquid inter-
face is given by the following mass balance:

d
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The local heat transfer coe�cients are evaluated from

the relationship
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Further, the average heat transfer coe�cients can be

evaluated from the equation

Nu � 1

p

�p
0

NuD dy �14�

5. Heat transfer at yy=0

The heat transfer conditions at the lower stagnation

point are predominantly identical to the Bromley's
analysis for laminar ®lm boiling. However, when the
liquid ®lm thickness d� crosses a value equal to 10, it

is assumed that the ¯ow transits to turbulent ¯ow
regime. The formulation has the advantage that such a
situation is automatically taken care of by the

equations.
The vapor ®lm thickness at the lower stagnation

point, i.e., y � 0 can be obtained following the Nusselt
type of analysis for condensation as follows:

d
D
jy�0 � 1:56
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It follows at y � 0, the Nusselt number is given by the

following expression.
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For laminar ®lm boiling the shear velocity i.e.,������������
tw=rv

p
is given by the expression
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Hence, d� � 0 at y � 0 though the vapor ®lm thick-
ness d is ®nite.

6. Method of obtaining the solution

The problem is formulated mathematically through
Eqs. (6)±(14) and the method of solving these
equations is outlined for the range 0 < y < p

1. At J � 1 i.e., d� � 0 the input parameters corre-
sponding to the system conditions are assumed, i.e.,

Gr, �Cp�Ts=hfg�, NR:
Though d� is zero, the Nusselt number is given

by the Eq. (16).

2. By advancing to node J � J� 1 and presuming that
d� increases by a value of Dd� � 0:5, the velocity
and temperature pro®les are obtained with the aid

of Eqs. (9) and (10) for the system parameters
assigned.

3. With the aid of Eqs. (11) and (12), the location y is

computed by a trial and error procedure for the
assigned value of d� at this node by writing down
the Eq. (11) in ®nite di�erence form. Further, the
local heat transfer coe�cient is estimated.

4. d� is increased further by Dd� for the node
J � J� 1; steps (2) and (3) are repeated. The calcu-
lations are thus carried out covering the range 0 <
y < p: From the data of local heat transfer coe�-
cients, the average heat transfer coe�cients are cal-
culated from Eq. (14).

7. Results and discussion

In Fig. 2 the variation of vapor ®lm thickness
around the cylinder from the lower stagnation point to

the upper stagnation point is shown plotted. It can be
seen that the variation of the dimensionless vapor ®lm
thickness d� is monotonic and the increase in the

vapor ®lm thickness is due to the contribution of
vapour generation at the interface to the boundary

Fig. 2. Variation of ®lm thickness.
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layer. Further, when thermal radiation is included in
the analysis the vapour ®lm becomes thicker, i.e., lar-

ger than the values obtained with the radiation term
excluded. In Fig. 3 it can be seen that the local values
of turbulent ®lm boiling heat transfer coe�cient are

found to increase with the wall temperature. The total
heat transfer coe�cients with the thermal radiation
term included in the analysis are found to be higher in
magnitude than the values for the no radiation case.

The e�ect of property variation with temperature
can be seen to re¯ect on the velocity gradients at the

solid boundary. For example, the variation of velocity
gradients at the wall decrease with the increase in wall

temperature as can be seen in Fig. 4. An increase in
the temperature leads to an increase in the viscosity of
the vapors and hence the shear resistance at the wall

increases. The dimensionless shear resistance at the
wall can be represented by the polynomial

du�

dy�

�����
y��0
� 3:691ÿ 3:604f� 0:918f 2 �18�

It is evident from Eq. (18) for adiabatic conditions,
when f tends to unity, du�

�
dy� � 1: Such a situation

arises only when physical properties are considered to

be temperature independent. In reality, f must have a
value greater than fc, critical value that would lead to
the onset of stable ®lm boiling. Eq. (18) would merely
serve as a check to establish the validity of the numeri-

cal procedure employed in the investigation. For iso-
thermal conditions without heat addition the velocity
gradient at the wall tends to unity for turbulent

boundary layer. The validation of the present analysis
is shown in Fig. 5 with the theoritical data shown as
thick lines together with the experimental data for

Freon-12 and liquid nitrogen. The coordinate system
chosen is identical to the one employed by Frederking
and Clark [12] except that a=g � 1: It can be inferred

that the theoretical formulation favourably responds to
the practical situation of turbulent ®lm boiling heat
transfer for the ranges of parameters studied in the
article. The present analysis is consistent with obser-

vations made by Hsu and Westwater [8] viz., increase
in DT enhances the average ®lm boiling heat transfer
coe�cient, i.e., the vapor ®lm Reynolds number at

y4p is more than the critical value demarcating the
transition from laminar to turbulent ¯ow.
A dimensionless equation is proposed by applying

regression to the computed values and the turbulent
®lm boiling heat transfer coe�cients for isothermal
condition of the cylinder for the following ranges of

parameters is as follows:

1:4 < f < 1:8

0:2 < CpTs

�
hfg < 0:8

109 < Gr < 1012

NR � 0

Nu � 0:272 Ra1=3�fÿ 1�1:25 �19�
Where Ra is modi®ed Rayleigh number as shown on
the abscissa of Fig. 5, i.e., Ra � GrDPr�0:5� 1

�

Fig. 3. Variation of local heat transfer coe�cient.

Fig. 4. Variation of dimensionless shear at wall.
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S�fÿ 1��. The regression analysis indicated an average
deviation of 4.9% and a standard deviation of 5.8%.
The regression is accomplished in terms of the criteria

de®ned by Frederking and Clark [12]. However, Eq.
(19) contains an additional term f, which accounts for
physical property variation as a function of wall tem-
perature. When f41, the Nusselt number tends to

zero. Equation holds good for the case of stable ®lm
boiling i.e., frfc, where fc is the critical value.

8. Conclusions

The present study, deals with turbulent ®lm boiling

on a horizontal cylinder under isothermal conditions
of the test surface. It is observed that the present
equation is similar to the dimensionless equation pro-

posed by Frederking and Clark [12] except that an ad-
ditional temperature ratio term appears. The
assumptions employed in the formulation are found to

be rational; at least for the ranges of parameters inves-
tigated. The average heat transfer coe�cient can be
evaluated from Eq. (19).
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